Background. Using the rat facial nerve axotomy model, the authors recently showed that manual stimulation of denervated whiskerpad muscles reduced the posttransectional polyinnervation at the neuromuscular junctions and promoted full recovery of vibrissal whisking. Objective. Prompted by implications for rehabilitation therapy, the authors examined whether manual stimulation of denervated supra-and infrahyoid muscles would also improve recovery after unilateral lesion on the hypoglossal nerve. Methods. Adult rats underwent transection of the right hypoglossal nerve. Half of the animals received no postoperative treatment, and the other half were subjected to daily manual stimulation of the suprahyoid/sublingual region for 2 months. Recovery was assessed by measuring the angle of tongue-tip deviation from the midline, degree of collateral axonal branching at the lesion site (counts after retrograde labeling with 2 fluorescent dyes), synaptic input to the hypoglossal motoneurons using synaptophysin immunocytochemistry, tongue-muscles motor representation in the cerebral cortex after c-Fos immunocytochemistry, and portion of polyinnervated neuromuscular junctions. Results. In animals receiving manual stimulation, the tongue-tip deviation was 37.0 ± 49.37°, whereas values in control nonstimulated rats were significantly higher (50.1 ± 9.01°; P < .05; mean ± SD). Improved recovery was not associated with reduced collateral axonal branching; there were also no differences in tongue-muscles representation in the motor cortex. However, manual stimulation restored the total synaptic input to levels in intact animals and reduced the proportion of polyinnervated neuromuscular junctions compared with nonstimulated animals. Conclusion. The data show that manual stimulation of denervated muscles improves functional outcome following peripheral nerve injury. This suggests immediate potential for enhancing clinical rehabilitation strategies.
D espite considerable clinical advances in microsurgery, functional recovery in humans after transection and suture of peripheral nerves remains poor, and the occurrence of a "postparalytic syndrome" (paresis, synkinesis, and dysreflexia) is inevitable. 1 Insufficient recovery has been mostly attributed to the misrouting of regrowing axons that fail to rejoin their original nerve fascicles 2 and produce numerous axonal sprouts both at the transection site ("collateral axonal branching" 3 ) and within target muscles ("intramuscular or terminal axonal sprouting" 4 ).
We have previously characterized events that influence functional recovery following facial nerve transection and suture in the rat. Quantitative assessment of vibrissal motor performance followed by triple retrograde labeling of facial motoneurons in the same animals 5 indicated that the main factor limiting restoration of functional performance was a high degree of intramuscular sprouting, which was associated with a high proportion of polyinnervated motor endplates. 6, 7 Studies in experimental animals have shown that mild electrical stimulation of the denervated soleus muscle inhibits intramuscular sprouting and diminishes motor endplate polyinnervation. 8 In addition, soft tissue massage has been shown clinically to have several benefits. 9 The findings prompted us to examine the effect of manual stimulation (MS) on both functional recovery of vibrissal muscles and the degree of polyinnervation following facial nerve injury. Video-based motion analysis of vibrissal motor performance showed that daily MS for 2 months resulted in full recovery of whisking, which was associated with reduced polyneuronal reinnervation of motor endplates and not with attenuation of misdirected axonal regrowth. 10 Because MS of vibrissal muscles significantly improved functional recovery of whisking after injury to the facial nerve, we asked whether this rehabilitation approach would be also successful after injury to another nervenamely, the hypoglossal nerve. An additional impetus for this study was the recent finding that motor control of human tongue movements can be improved by selected tongue training techniques. 11 
MATERIALS AND METHODS

Materials
Fluoro-Gold (FG) was purchased from Fluorochrome, Inc (Denver, Colorado), Fast Blue (FB) from EMS-Chemie GmbH (Groß-Umstadt, Germany), and Alexa Fluor 488-conjugated α-bungarotoxin from Molecular Probes (Leiden, The Netherlands). Rabbit polyclonal antisynaptophysin was purchased from Biometra (Göttingen, Germany), and polyclonal antineuronal class III β-tubulin antibody was from Covance (Richmond, California).
Animals, Groups, and Overview of Experiments
Seventy-eight young female adult (175-200 g) Wistar rats (strain HsdCpb:WU, Harlan-Winkelmann, Borchen, Germany) were divided into 2 control and 4 experimental groups ( Table 1) . We used only female rats because testosterone has been shown to beneficially affect peripheral nerve regeneration. 12 Before and after surgical treatment, rats were fed standard laboratory food (Ssniff, Soest, Germany) and provided tap water ad libitum and an artificial lightdark cycle of 12 hours light on, 12 hours off. All experiments were conducted in accordance with the German Law on the Protection of Animals, and procedures were approved by the local Animal Care Committee. Groups 1 to 3 (n = 16 per group) were used to study collateral axonal branching at the site of lesion, synaptic input to the hypoglossal motoneurons, and the quality of target reinnervation (m. hyoglossus). Group 1 consisted of intact animals. All rats in groups 2 and 3 were subjected to unilateral transection and suture of the right hypoglossal nerve (hypoglossal-hypoglossal anastomosis [HHA] ). Animals in group 2 received no postoperative treatment, whereas those in group 3 were subjected to MS of the extrinsic and intrinsic suprahyoid-sublingual region.
In addition to misdirected reinnervation of muscle targets, insufficient recovery has also been attributed to rearrangement of cortical representations. 13, 14 Cortical tongue muscle representation volume was therefore examined (groups 4-6; n = 10 per group). Animals in group 4 (intact) were subjected to right unilateral HHA and were kept under anesthesia for 1 hour prior to perfusion fixation. Animals from groups 5 and 6 underwent HHA and survived for 2 months; those in group 5 received no postoperative treatment, whereas those in All animals from groups 1 to 3 were subjected to postoperative measurement of the tongue-tip deviation from the midline. Thereafter, half were used for estimating the degree of collateral axonal branching and the other half for establishing the extent of synaptic input to the hypoglossal motoneurons and the pattern of the motor endplate reinnervation. The animals from groups 4 to 6 served to establish changes in cortical tongue muscles representation volume (CTMRV). group 6 received MS exactly as those in group 3. After 2 months, the right hypoglossal nerve of all rats in groups 5 and 6 was transected proximally to the earlier lesion kept under anesthesia for 1 hour prior to perfusion fixation. Estimation of the deviation angle of the tongue-tip from the midline, degree of axonal branching, synaptic input to the hypoglossal motoneurons, pattern of motor endplate reinnervation, and determination of cortical tongue muscle representation volume were undertaken at 2 months after surgery. Data for rats receiving MS were compared with those that did not receive MS.
All animals in groups 1 to 6 were used to determine the deviation angle of the tongue-tip from the midline, a standard procedure for estimating hypoglossal nerve function. 15 Thereafter, half the animals (n = 8) in groups 1 to 3 were used to establish the degree of collateral axonal branching by means of double-retrograde neuronal labeling (see below). The remaining rats in groups 1 to 3 (n = 8) were used to determine the synaptic input to the hypoglossal motoneurons (using immunocytochemistry for synaptophysin; see below) and the proportion of mono-and polyinnervated motor endplates in the ipsilateral hyoglossus muscle (using immunocytochemistry for neuronal class III β-tubulin and histochemistry with alpha-bungarotoxin; see below). All animals in groups 4 to 6 (group 4: intact; group 5: HHA, no MS; group 6: HHA + MS) were used to determine the deviation angle of the tongue-tip from the midline and the cortical tongue muscle representation volume (see below).
Surgery
Transection and end-to-end suture of the right hypoglossal nerve (HHA) was performed by Dr O. Guntinas-Lichius, Dr M. Streppel, and Dr M. Grosheva after an intraperitoneal injection of ketamin/xylazin (100 mg Ketanest, Parke-Davis/Pfizer, Karlsruhe, Germany, and 5 mg Rompun, Bayer, Leverkusen, Germany, per kg body weight). The right hypoglossal nerve was exposed and transected proximal to its bifurcation into lateral and medial branches (Figure 1a ). End-to-end suture (HHA) was performed immediately using two 11-0 atraumatic sutures (Ethicon, Norderstedt, Germany) and the wound closed using three 4-0 skin sutures (Ethicon).
Manual Stimulation of the Extrinsic and Intrinsic Suprahyoid-Sublingual Region
On the day following surgery, the suprahyoid-sublingual region of all 16 animals from groups 3 and 6 were manually stimulated. Manual stimulation was performed by gently stroking the lower jaw and upper neck to stimulate all 3 extrinsic (skeletal) muscles of the tongue (m. styloglossus, m. genoioglossus, m. hyoglossus) for 5 minutes a day, 5 days a week, for 2 months. The pattern of manual stimulation mimicked the natural active movements during swallowing ( Figure 1b ). Animals rapidly became accustomed to this procedure within 2 to 3 days and did not show any signs of stress such a freezing or trying to bite, weight loss, or lack of grooming; rather, animals readily cooperated.
In addition, upon return to the cage, each rat that had received MS also had a drop of honey placed on its back, which was accessible to its cage companions. By licking away the honey, cage companions stimulated their intrinsic suprahyoid-sublingual region (m. longitudinalis sup., m. longitudinalis inf. m. transverses, and m. verticalis) for a further 5 to 10 minutes after MS. 
Restoration of Tongue Position During Protrusion as a Sign for Recovery of Function
Recovery of tongue function was estimated by measuring deviation of the tongue-tip from the midline (ie, the angle between the long axis of the tongue and the median line of the body running between the incisor teeth). Animals were held gently by an experimentator, and the upper lip was slightly lifted. Photographs in the frontal plane of all rats from an identical distance (about 20 cm) were taken using the macro-menu of a Nikon 50D digital Camera. The very high resolution of the pictures allowed us to readily identify the tip of the tongue as well as the long axis of the organ. The identical position of each animal when photographed and the short distance between the camera and the head of the rat reduced the possible parallax errors maximally.
In intact rats, tonus of the right and left protruders (the extrinsic m. genioglossus and the intrinsic, vertical, and transverse muscles) is identical, and therefore the tip of the tongue was situated exactly in the midline behind the lower incisors (ie, the deviation from the midline was 0 degrees; Figure 2a ). Following right-sided HHA, malfunction of all right protruders resulted in domination of the opposite (left) muscles, which displaced the tongue-tip to the right 16 (ie, the long axis of the tongue no longer coincided with the midline; Figure 2b ).
Estimation of Axonal Branching by Double-Retrograde Labeling
Previous data after immunostaining of 50-μm thick vibratome sections for neuron-specific enolase (NSE; ie, no retrograde labeling performed) showed that the intact hypoglossal nucleus contained 3576 ± 284 NSEimmunoreactive perikarya; there were no significant changes in these values either at 1 (4010 ± 245) or 8 weeks after HHA (3412 ± 348). 17 Application of fluorescence tracers. Eight rats from groups 1 to 3 were used to establish the degree of collateral axonal branching at the lesion site (HHA). Under Rompun/Ketanest anesthesia, the right hypoglossal nerve was reexposed distally to the suture site. The medial and lateral branches were transected and instilled with crystals of the retrograde fluorescent dyes (FB and FG, respectively; Figure 3a ). Crystals were left in situ for 30 minutes, after which the application sites were carefully rinsed, dried, and the wound closed. Ten days later, animals were fixed by perfusion (4% paraformaldehyde in 0.1 M phosphate-buffered saline, pH 7.4), and the brainstems were sectioned coronally at 50 μm.
Under normal physiological conditions, the hypoglossal nerve controls tongue movements by means of its 2 functionally different nerve branches. 15 The medial branch contains the axons of neurons in the ventral hypoglossal subnucleus and innervates muscles that are related to protrusion of the tongue (the extrinsic genioglossus and the intrinsic vertical and transverse muscles). The smaller lateral branch contains the axons of perikarya in the dorsal hypoglossal subnucleus and innervates muscles related to tongue retraction (extrinsic styloglossus and hyoglossus and intrinsic superior and inferior longitudinal).
After transection of the hypoglossal nerve, the regrowing axons navigate poorly and fail to rejoin their original nerve branches (medial or lateral) and therefore their In operated animals, the left protruder dominated and displaced the tongue-tip to the right (ie, the long axis of the organ was no more covering the median line, and the angle between them was proportional to the recovery of function). correct muscle targets. The aim of this procedure was not to determine whether myotopic organization of the hypoglossal nucleus had been preserved or restored but rather to establish the degree of collateral axonal branching at the lesion site by means of doubleretrograde labeling and neuronal counts (see below).
Fluorescence microscopy. Sections were observed using an epifluorescence microscope (Axioplan, Zeiss, Oberkochen, Germany). To restrict the fluorescence shine-through between the tracers, we used a custom-made band passfilter set combination (AHF Analysentechnik, Tübingen, Germany). Separate color images of retrogradely labeled hypoglossal motoneurons were captured through the different filter sets using a CCD Video Camera System (SPOT, Visitron Systems, D-82178 Puchheim, Germany) and image analysis software (Optimas 6.5, Optimas Corporation, Bothell, Washington). "FG-masks" of all FG-labeled motoneurons were generated using Optimas: frames were binarized, dilated, and the outlines of each FG-labeled cell marked. FG-masks were then superimposed over the FB-picture using the arithmetic options dialogue from the image menu. The technique allowed us to readily identify cells stained by FG only , FB only , and all those double stained by FG + FB (Figure 4a ,b), which were then counted manually on the computer screen. 18 Although time-consuming, the procedure was precise and allowed us to quantify the degree (index) of axonal branching. The index of axonal branching represents the ratio between motoneurons projecting branched axons into the medial and lateral branch to all motoneurons sending axons through both branches (ie, the percentage of doublelabeled motoneurons). Rats with an intact hypoglossal nerve trunk subjected only to surgery for tracer application had an index of axonal branching of 0% ( Figure 3b ). Counting. Counts of all hypoglossal perikarya labeled with FB, FG (Figure 3b ), and FB + FG (Figure 4a ,b) were undertaken using the fractionator principle examining every fourth section through the hypoglossal nucleus. Details have been described previously. 17 Counting was performed blindly with respect to treatment.
Measurement of Motoneuron Soma Sizes
Earlier work has shown that within 1 week after reinjury of chronically axotomized mouse facial motoneurons, their atrophic cell bodies increase in size, and expression of growth-related proteins is enhanced. 19 Thus, motoneuron size after a period of recovery from nerve transection and repair followed by a second axotomy is considered to reflect regenerative capacity and thus the functional state of regenerated motoneurons. Similarly, 3 months after femoral nerve transection and repair in mice, the degree of motor recovery correlates with soma size of regenerated motoneurons. 20 We therefore measured hypoglossal motoneuron area following retrograde labeling in rats with and without MS. Labeled hypoglossal motoneurons were photographed with a SPOT-CCD Video Camera System mounted on an Axioplan Zeiss microscope under ×16 magnification. Images were saved in an uncompressed format (TIFF). Analysis was performed with software ImageJ v. 1.38t (US National Institutes of Health, Bethesda, Maryland, http://rsb.info.nih.gov/ij/). An average of 60 motoneurons per hypoglossal nucleus was randomly selected and outlined semiautomaticaly using the Multi Cell Outliner plugin ( Figure 5 ). The areas of each perykarion were automatically measured in μm 2 using the building analysis functions of the software. Measurements were performed by 1 observer (S. Pavlov) who had no information about the postoperative treatment of the rats.
Establishment of the Synaptic Input to the Hypoglossal Motoneurons
To compare the degree of synaptic input in rats with and without MS, we measured and established the overall intensity of fluorescence in the hypoglossal nucleus after immunostaining for synaptophysin.
Tissue preparation. Perfusion fixed (4% paraformaldehyde) brainstems were cut coronally in 30-μm thick vibratome sections. Immunocytochemical staining for synaptophysin (rabbit polyclonal antisynaptophysin, Biometra, cat. no. 100-599) was performed on every fifth section through the hypoglossal nucleus in 1 incubation batch for all 24 rats.
Immunocytochemistry. Sections were immunostained on a shaker at room temperature using 5.0% (w/v) bovine serum albumin (BSA, Sigma no. A-9647) in Trisbuffered saline (TBS) for 30 minutes; 1:4000 antisynaptophysin, diluted in TBS plus 0.8% (w/v) BSA for 2 hours; 5.0% (v/v) normal sheep serum (NSS, Sigma no. S3772) plus 0.8% BSA in TBS for 15 minutes; and incubation with antirabbit IgG Cy3 conjugate (1:400; Sigma no. C-2306) in TBS plus 0.8% NSS for 1 hour.
Overall amount of synaptic terminals in the hypoglossal nucleus. To quantify pixel brightness, images were captured with a slow-scan CCD camera (SPOT RT, Diagnostic Instruments, Inc, Sterling Heights, Michigan; ×16 objective) using Image-Pro Plus Software (Version 5.0; Media Cybernetics, Inc, Silver Spring, Maryland; Figure 6a -d). Black levels were kept constant, but gain was manipulated for each group, thereby ensuring that only a few pixels were saturated at the 255-pixel gray value. Each pixel therefore contained 8 bits of information encoding brightness ranging in value from 0 to 255. The scale for pixel brightness, or pixel gray value, was constructed so that the higher numbers indicate greater pixel brightness. The use of the collection filter further reduced the number of pixels saturated at 255. Thus, the background intensities were identical from image to image around a pixel gray value of 50. Accordingly, the level for measuring pixel number and brightness was set at 51 (Figure 6e ). 
Analysis of Target Muscle Reinnervation
The ratio mono-versus polyinnervated motor endplates was performed as described previously. 7 We selected the hyoglossus muscle rather than the m. genioglossus and m. styloglossus. The hyoglossus muscle extends as a thin muscle sheet from the hyoid bone and enters the tongue laterally, between the masseter and stylohyoideus muscles, allowing its easy identification and dissection (Figure 7a,b) .
The hyoglossus muscles were dissected free, cryoprotected in sucrose, and cut longitudinally (30 μm) on a cryostat. Axons were immunostained with a rabbit polyclonal antibody against neuronal class III tubulin (Covance, no. PRB-435P, 1:1000) and Cy3-conjugated antirabbit IgG (1:400; Sigma, Deisenhofen, Germany); acetylcholine receptors in motor endplates were stained with Alexa Fluor 488-conjugated bungarotoxin (1:1000, Molecular Probes, Carlsbad, California). All axonal branches that entered or left the boundaries of individual endplates were counted (Figure 8a,b) . Counts were performed directly under the microscope (objective ×40) in a blind fashion. Preterminal branches of 1 axon were counted as single events and identified as "monoinnervated." "Polyinnervated" endplates had 2 or more axons; denervated endplates had no visible axons associated with the receptor staining. We adopted the term polyinnervated to reflect similarity to morphological abnormalities in skeletal muscle of adult mammals following nerve damage or intoxication. In these instances, axonal branching occurs, which may be collateral (at nodes of Ranvier), terminal (from endplate terminals), or both, 21 with the result that many individual endplates are innervated by more than 1 motoneuron (ie, they are "polyneuronally" innervated). Our use of the term polyinnervated, rather than polyneuronally innervated, endplates indicates that we focused on the axons themselves rather than the perikaryal origins of supernumerary axons in individual endplates (ie, we did not identify 1 or more parent motoneurons).
Estimation of Cortical Tongue Muscle Representation Volume
Cortical motor representation of musculature has been visualized previously using c-Fos immunoreactivity that is upregulated after axotomy and is a marker for transsynaptic neuronal activation. 22 Muscle Massage and Functional Recovery Neurorehabilitation and Neural Repair 22(6); 2008 761 Tissue preparation. In both intact and operated animals, the hypoglossal nerve was transected and animals perfused with fixative 1 hour later. The clearly visible ventral rhinal fissure (bregma 5.0 mm; Figure 9a ,b) was selected as the rostral border of the cortical region containing the tongue-muscle motor area. The brain was securely positioned in a rat brain matrix (RBMS-300C, World Precision Instruments, Berlin, Germany; Figure 9c ), allowing identical slices to be cut through the telencephalon with a razor blade in each animal. A demarcation of the side contralateral to the HHA (left) was made using a canuleperforation in the caudoputamen (Figure 9d ). The cryoprotected (sucrose-infiltrated) slice was cut coronally (100 sections; 50 μm thick) and sections mounted on SUPERFROST/Plus slides (Roth, Germany).
Immunohistochemical staining. c-Fos was detected using rabbit antihuman cFos-Ab-5 (1:5000; PC38, Merck Biosciences, Nottingham, UK), biotinylated antirabbit IgG (DakoCytomation, Hamburg, Germany), streptavidinhorseradish peroxidase (HRP) conjugate (1:100; Amersham, Freiburg, Germany), and 3,3′-diaminobenzidine tetrahydrochloride (Sigma). All sections used to compare the cortical tongue muscles representation volume (CTMRV) between stimulated and nonstimulated rats were incubated simultaneously using identical solutions.
Quantification of the reactive cortex volume. Using the fractionator sampling strategy, 23 each 10th coronal section (a total of at least 10 equidistant sections through the brain) was used for immunocytochemistry of c-Fos. A Zeiss microscope equipped with a CCD Video Camera System (Optronics Engineering Model DEI-470, Goleta, California, supplied by Visitron Systems, Puchheim, Germany) combined with Image-Pro Plus 5.0 software (Media Cybernetics) was used to quantify the projection areas (μm 2 ) containing c-Fos-positive neurons in each section at a primary magnification of ×2.5.
Cortical tongue muscle representation volume was calculated according to the Cavalieri method. 23 Measurements were performed by 3 observers (P. Schweigert, S. K. Angelova, and D. N. Angelov) who had no information about treatment of the rats.
Statistical Analyses
Both parametric (2-sided t test for independent samples and 1-way analysis of variance [ANOVA] with post hoc Bonferroni's test for multiple comparisons of group mean values) and nonparametric tests (Mann-Whitney test) were used to analyze the data as appropriate. The threshold probability value for acceptance of differences was 5%. Throughout the text and in the figures, data are represented as mean group ± standard deviation. Statistica 6.0 software (StatSoft, Tulsa, Oklahoma) was used for analysis.
RESULTS
Beneficial Effect of Manual Stimulation on Restoration of Tongue Position
Daily MS of the suprahyoid-sublingual region 5 minutes a day for 2 months improved tongue position after HHA. Deviation of the tongue tip following MS was significantly lower compared with nonstimulated animals (37.4 ± 9.37°vs 50.1 ± 9.01°; mean ± SD, n = 26, Mann-Whitney test, P = .026).
No Effect of Manual Stimulation on Collateral Axonal Branching
In intact rats, retrograde labeling of the medial hypoglossal branch, which innervates the tongue protruders (m. genioglossus) and the intrinsic suprahyoidsublingual region (vertical and transverse), revealed 2038 ± 1057 (mean ± SD; n = 8) FB-labeled perikarya localized within the ventral hypoglossal subnucleus. Labeling of the lateral branch revealed 835 ± 478 FGlabeled perikarya located in the dorsal hypoglossal subnucleus (Figure 3b ). No double-labeled perikarya were observed (ie, the index of axonal branching was 0%).
After HHA, 2 major changes, characteristic of aberrant reinnervation of targets, were detected. First, the hypoglossal nucleus lacked somatotopy-that is, perikarya were not organized into a dorsal subnucleus (with axons projecting into the lateral hypoglossal nerve branch) and ventral subnucleus (axons projecting into the medial branch of the hypoglossal nerve). [24] [25] [26] Loss of somatotopy ( Figure  4a ,b) was due to transection of the hypoglossal nerve proximally to its bifurcation into its medial and lateral branches and subsequent inaccurate navigation of regrowing neuritis into inappropriate branches.
Second, the entire hypoglossal nucleus contained double-labeled (FB + FG) motoneuronal perikarya (arrows in Figure 4a,b) , which arose due to collateral axonal branching at the lesion site. Following MS, there were 1234 ± 592 FB only , 313 ± 460 FG only , and 1302 ± 715 FB + FG double-labeled perikarya. In nonstimulated rats, there were 600 ± 364 FB only , 632 ± 722 FG only , and 1616 ± 691 FB + FG double-labeled perikarya (mean ± SD; n = 8). The index of collateral axonal branching did not differ between the MS and non-MS groups (46% vs 56%; Mann-Whitney test, P > .05).
Increased Size of the Hypoglossal Motoneurons After Manual Stimulation
Two months after transection and suture of the right hypoglossal nerve and 10 days after surgery for retrograde labeling, back-labeled motoneuron perikarya in rats receiving MS were significantly larger than in nonstimulated animals (696 ± 53 μm 2 vs 594 ± 52 μm 2 , group mean values from individual animal mean values, P < .05, t test). This conclusion was further verified by analysis of the frequency distributions in the 2 population samples ( Figure 5 ).
Manual Stimulation Restores Normal Levels of Total Synaptic Input in the Hypoglossal Nucleus Following Hypoglossal Nerve Injury
To assess changes in total synaptic input to the hypoglossal nucleus in the 3 groups (Table 1) , we quantified synaptophysin expression in 10 equidistant sections at ×16 magnification. Immunocytochemical staining with 1:4000 antisynaptophysin revealed numerous small immunoreactive puncta within the neuropil of the hypoglossal nucleus (Figure 6a-d) .
The intensity of synaptophysin immunofluorescence differed significantly between the groups (n = 8 rats in each). Although there were no differences in the pixel distribution curves (data not shown), statistical analysis of total pixel numbers (gray values 51-210) revealed that MS restored synaptophysin levels to those in normal intact animals (Figure 6d ). Specifically, compared with intact animals (group 1), synaptophysin levels were restored in animals receiving MS (group 3) but remained lower in those without MS (group 2; P = .022); likewise, following HHA, synaptophysin levels were significantly higher (P = .011) in animals receiving MS (group 3: HHA + MS) compared with those that did not (group 2: HHA only).
Manual Stimulation Improved the Quality of Motor Endplate Reinnervation
The number of poly-and monoinnervated motor endplates in the hyoglossus muscle of rats receiving MS was respectively 327 ± 126 and 1464 ± 289; in nonstimulated rats, numbers were 375 ± 151 and 803 ± 329. The proportion of polyinnervated endplates was significantly less in rats receiving MS versus nonstimulated animals (18% vs 32%; ANOVA and post hoc Bonferroni test, P < .0001).
No Effect of Manual Stimulation on the Dynamic Reorganization of the Motor Cortex
One hour after transection of the right intact hypoglossal nerve (group 4), c-Fos immunopositive nerve cells were seen in the tongue muscle projection area in both the left and right anterior-lateral neocortex, with our findings being in agreement with previous studies. [27] [28] [29] Right and left cortical tongue muscle representation volumes did not differ, being 0.063 ± 0.02 mm 3 and 0.052 ± 0.02 mm 3 (P < .05), respectively. At 2 months after HHA, we retransected the right hypoglossal nerve trunk in groups 5 and 6, inducing acute, within an hour, transsynaptic upregulation of c-Fos expression in the motor cerebral cortex. 22, 30, 31 As for intact animals, left and right cortical tongue muscle representation volumes did not differ in either MS (left: 0.07 ± 0.03 mm 3 ; right: 0.08 ± 0.04 mm 3 ; P > .05) or nonstimulated rats (left: 0.12 ± 0.06 mm 3 ; right: 0.12 ± 0.05 mm 3 ; P > .05). Furthermore, compared with intact rats, values did not differ following MS or in the nonstimulated animals.
DISCUSSION
We show that brief, daily MS of the suprahyoid-sublingual region significantly improves postoperative recovery of tongue position. Before discussing the potential of these findings for enhanced rehabilitation strategies in detail, we would like to address 3 important critical remarks.
The first one is whether we can provide sound evidence that the observed differences in the pattern of reinnervation and tongue-tip deviation represent an endpoint and not just a delayed recovery in the nonstimulated animals. Of course, we cannot exclude that a slight improvement might take place in these animals. However, based on several long-term clinical data and our own observations, we anticipate exactly the opposite. The persisting polyinnervation of muscles (in contrast to the events during embryonic development, in which there occurs no retrieval of excessive axonal terminals from the neuromuscular junctions in adults) causes a wasting palsy (paresis and atrophy of the muscles) and progressive functional deterioration. 32 Anyway, to clear this issue definitely, new experiments with longer postoperative survival periods have to be performed.
A second possible criticism could be that the stimulated rats have been subjected to presumably pleasant rather than neutral attention, including gentle stroking followed by a honey "reward." In this way, it might appear that the stimulated rats spent their 2 postoperative months under somewhat "enriched" environmental conditions compared with the controls. Of course, stimulated rats have been dwelling under conditions of "enriched environment" and special "handling" by humans. Our experience with manual stimulation of the vibrissal muscles after facial nerve reconstruction clearly shows that these 2 procedures have no influence on the pattern of reinnervation and recovery of function. 10 Finally, it is well known that frequent "handling" of rodents by human beings may trigger multiple neuroendocrine processes, which could seriously jeopardize our present conclusions. The handling procedure itself is considered as providing a stressful or enhanced environment, both of which have been shown to affect neurogenesis in adult rodents. Hence, the performance of a control with handling but no massage is obligatory. We abandoned this control in the present study only because our earlier work with MS on the rat vibrissal muscles showed definitely no effect of handling. 10 Clinical Relevance of Peripheral Hypoglossal Nerve Injury Rapid and accurately adjusted tongue movements are paramount for a wide range of functions, including breathing, swallowing, licking/mastication, gaping, gagging, coughing, sneezing, vocalization, and vomiting. 15, 33, 34 Although hypoglossal nerve injury has anecdotally been considered rare, lesions may result from tumors, 35 trauma, 36 tonsillectomy, 37 anterior cervical spinal surgery, 38 orotracheal intubation, 39 carotid end-arterectomy, 40, 41 and use as donor tissue for facial reanimation surgery. 16 Unilateral hypoglossal damage is considered clinically to be well tolerated due to preservation of taste and tactile sensitivity. Furthermore, despite progressive tongue atrophy, only about 10% of patients report difficulties in chewing, swallowing, and speaking at a 6-month follow-up; however, between 6 and 12 months after damage, dysarthria and dysphagia may dramatically worsen, dysfunction that is due to an ongoing aberrant reinnervation. 42 Similar to the face, the tongue comprises many muscles that, although innervated solely by the hypoglossal nerve, often have antagonistic actions. 16 Indeed, in laboratory animals, surgical hypoglossal nerve repair did not result in functional recovery due to aberrant axon regrowth and a failure to reach appropriate target muscles. 43 Therapeutic Strategies After Peripheral Nerve Injury Clinically, there are few options for treating denervated muscles, and restoration of useful function after peripheral nerve injury is a major challenge for reconstructive surgery and rehabilitation medicine. 44 Electrical stimulation (ES) has been used therapeutically, although there is a great deal of controversy with either some small benefit being reported or no effect. 45 One possible benefit of ES, however, might be that it inhibits intramuscular sprouting and diminishes motor endplate polyinnervation. 8, 46 Nevertheless, for muscle fibers that are totally denervated, regular ES has 2 detrimental effects. First, it suppresses the production of chemical mediators required for reconnection of an axon branch with its motor endplate; second, it reduces spontaneous electrical activity within the orphaned muscle fibers (fibrillation), which can act as a signal to induce sprouting in any healthy motor nerves that might remain. 47, 48 Similarly, for muscle fibers that retain a partial nerve supply, ES may stimulate voluntary muscle overuse and contribute to the suppression of chemical mediators required for reinnervation. 49 Other major factors to take into consideration are the changes that occur within the muscle tissue itself. Following denervation and before reinnervation, muscles are rapidly and severely affected by loss of bulk and circulation as well as connective tissue shrinkage and fibrosis. 50 Long-term changes following several months of complete denervation also include muscle membranes becoming relatively nonresponsive to electrical stimulation. In cases where patients are expected to experience nerve regrowth after complete denervation, fibrosis of the muscle connective tissue must be minimized to preserve movable muscle structures; in this way, reacquisition of the contractile proteins that make muscles work can occur after muscle reinnervation. 51 By contrast, soft tissue massage, tongue-muscle training, and tactile stimulation are thought to promote muscle blood flow and maintain optimum condition during hypoglossal axon regrowth and have shown positive benefits clinically. 9, 52, 53 We therefore decided to try a novel approach and use manual stimulation after hypoglossal nerve injury, gently stroking the extrinsic suprahyoid-sublingual region by hand for 5 minutes daily for 2 months after HHA surgery.
Possible Mechanisms Underlying Improved Function Following Manual Stimulation
Mechanisms limiting functional recovery after peripheral nerve injury are poorly understood. Our model provides unique opportunities to investigate the influence of MS on both structure and function.
Cortical representation. Cortical reorganization has been reported previously after nerve injury, 54 and plasticity Muscle Massage and Functional Recovery within cortical and subcortical networks is thought to be involved in clinical examples of muscle reanimation. 55 One reason for finding no changes in cortical representation is possibly that we examined animals at 2 months, that is, once target reinnervation had been completed. Examination of animals at earlier stages would determine whether cortical representation was altered during reinnervation. Another possibility is that, in our HHA model, sensory innervation of the tongue musculature remains intact with no alteration in somatosensory cortical representation. The lack of quantitative changes in the motor cortical representation regardless of MS supports the notion that cortical plasticity may be of primary importance for restoration of primarily sensory, but not motor, function. 22 Collateral branching of axons at the lesion site. Collateral axonal branching and regrowth to incorrect muscles was not affected by MS. The finding is surprising given that axonal branching and subsequent misdirection of collateral branches have been considered major factors limiting recovery of mimic muscles. 3, 18 Short-term electrical stimulation of the proximal nerve stump immediately after injury has been shown to improve the speed and accuracy of reinnervation in the rat femoral nerve paradigm, 56 but the functional impact of this treatment is not known.
However, MS led to improved recovery of tongue position, whereas function was poor to nonexistent in the absence of MS. Thus, as previously shown, 10 robust collateral axonal branching appears to be an invariant response to axotomy, regardless of manual stimulation. Finally, reduction of collateral axonal branching using antibodies to a variety of nerve growth factors still does not lead to improved function. 7 Taken together, these findings suggest that even if the normally robust extensive sprouting can be limited pharmacologically, functional benefit is not conferred, thus suggesting that other possible mechanisms are involved. One possibility is use-dependent plasticity in the central nervous system: the recruitment of aberrantly innervating motoneurons may be reduced or modified by spinal reflex mechanisms, and supraspinal control circuitries thereby override and/or minimize functional disturbances due to collateral branching. Some studies in humans support this possibility. Motoneurons can be "reeducated" to subserve new functions after muscle tendon transfer. 57 Motoneuron size. The finding of larger retrogradely labeled motoneuron perikarya in stimulated than in nonstimulated rats indicates an effect of the MS on regenerated motoneurons. It is possible that MS alleviates axotomy-induced motoneuron atrophy during the recovery period. Alternatively, prevention of atrophy may result from MS inducing a vigorous regenerative response to the second axotomy performed for retrograde labeling. 19 We suggest that the larger cell bodies of stimulated motoneurons indicate a better functional state. Indeed, there is a correlation between degree of recovery and soma size of retrogradely labeled motoneurons reinnervating the quadriceps muscle 3 months after transection and repair of the femoral nerve. 20 Although we do not know the mechanism whereby motoneuron size is enhanced, we speculate that MS positively influences regenerating motoneurons via enhanced sensory input (see below).
Synaptic input to the hypoglossal motoneurons.
Synaptophysin is an integral membrane glycoprotein of small presynaptic vesicles and neuroendocrine granules. 58 Staining with synaptophysin antibody detects only presynaptic terminals filled with small vesicles but not depleted boutons. We adopted this immunohistochemical approach in our model to examine the well-established rapid detachment of synaptic terminals from motoneurons following nerve injury, a synaptic stripping that is nevertheless reversible. We are thus confident that our results show a decline in sensory input to the facial motor nucleus after facial nerve injury and that manual stimulation restores such input to normal levels.
Motor endplate reinnervation. Another possible explanation for the better restoration of function after MS is the reduction of the number of polyinnervated muscle fibers. By contrast, in operated rats without MS, there was an abnormally dense meshwork of intramuscular axonal branches and polyinnervated endplates. Polyinnervation of motor endplates has previously been considered as a factor limiting restoration of function. 4 Furthermore, we have previously shown that, compared with normal animals, blind rats recovered vibrissal motor function following facial nerve injury, presumably due to forced whisker use; furthermore, whisking in blind rats was associated with a reduction in the proportion of polyinnervated motor endplates. 7 The effect of MS that we show here for hypoglossal and following facial nerve 10 injury can be explained by previous studies showing that imposing muscle activity artificially during synaptic formation and consolidation leads to reduction of intramuscular sprouting. 46 Sensory input. In the nerve lesion paradigm used here, motor axons were lesioned, but circuitry conveying sensory information from the tongue to the hypoglossal motoneurons via the trigeminal (V), the glossopharyngeal (IX), and the superior laryngeal (ie, the vagus [X]) nerve was intact. 15 One possibility is that MS resulted in recovery of tongue position via enhanced sensory input. After complete spinal cord transection, in which both motor and sensory function is lost, motoneurons distal to the injury undergo atrophy, and their dendritic trees shrink and become partially deafferented. 59 Cell atrophy and deafferentation of motoneurons is also observed after peripheral axotomy, but in contrast to spinal cord injury, these changes could be reversed after target reinnervation. 19, 60 We speculate that increased sensory input in stimulated animals may aid the regenerative response of the injured motoneurons via, for example, stimulating plasticity in the brainstem.
In conclusion, whereas the precise mechanisms linking MS, polyinnervation, and restoration of the muscle function are still unknown, hypoglossal nerve injury provides a further clinically relevant model to address this issue. Here we show that mechanical stimulation of the denervated extrinsic suprahyoid-sublingual region and intrinsic suprahyoid and sublingual muscles (m. longitudinalis sup., m. longitudinalis inf. m. transverses, and m. verticalis) can at least partially "override" the negative effects of extensive but inappropriate axonal regrowth in target muscles. The end result is a reduction in the degree of polyinnervation, which in turn significantly improves motor function of the tongue. Our findings have implications for rehabilitation strategies following peripheral nerve injury involving only motor axons because they suggest that therapies should be directed toward muscle reinnervation (ie, within peripheral target tissue) rather than misdirected axonal regrowth at the site of nerve injury.
